Numeric features of microRNA (miRNA) are different from the other RNAs and play a key role in the course of miRNA recognition. Are there significant differences about such numeric features between different species? Are there some species specific about it?
Introduction
MicroRNAs are endogenous, non-coding, and small-molecule RNAs with a mature length of about 21-23nt . MicroRNAs play an important post transcriptional regulatory role 1 . Their essential functions in cell identity and fate, developmental timing, apoptosis, carcinogenesis, and response to environmental stresses, including disease, has meant that more and more attention has been focused on microRNAs in recent years 2, 3, 4, 5, 6, 7, 8, 9, 10 . Since the first microRNA was found in C. elegans in 1993 11 , 28645 microRNAs had been identified and included in the mirBASE database 12 .
The initial microRNAs were obtained experimentally 13, 14, 15 . Although the experimental results were reliable, it was very difficult to identify those with low expression or those that were only express in a few organs or specific developmental stages 16 . Therefore a new method for identifying microRNAs was required. Statistical recognition technology was introduced to overcome these difficulties 17 , and a large number of microRNAs have been identified and confirmed using this method in recent years 18, 19, 20, 21, 22, 23 .
For the statistical recognition of microRNA, the numerical features of microRNA are the core elements. Minimum free energy (MFE) 24 , based on the minimum free energy algorithm of RNA secondary structure prediction, has become a particularly powerful piece of evidence for discriminating microRNAs from other RNAs 25 . The adjusted minimum free energy (AMFE) 26 and the minimum free energy index (MFEI) 27 were derived from MFE and have features that are more specific to microRNAs, and are widely used 28, 29 . Research had shown that the secondary structures of microRNAs are highly conserved 30, 31 ; therefore, it was used to describe the characteristics of secondary structure paired frequency in the computational identification process 32 . The base content and the entropy of a microRNA are used to describe the microRNA's base composition characteristics. However, a number of studies 28, 29, 33 showed that there were obvious differences in the origin, function, base composition, and structure among different species. For example, animal and the plant microRNAs differ greatly in their method of production, mode of action on target genes, enzymes involved, and in the splicing process. Interestingly, the microRNAs showed a high degree of consistency within animals or plants, respectively. We hypothesized that the differences and similarities of microRNAs among species or species class could be depicted by the numerical features of the microRNAs. Thus, the present study aimed to determine whether the numerical features of microRNAs are species-or class-specific and which features have obviously sequence-specific differences or similarities.
Experimental techniques and computational identification methods are being continuously improved, and more and more microRNA genes have been discovered. By end of October, 2010, a total of 15 172 microRNA genes were integrated into the miBASE database 12 , covering nearly a hundred species, and many species were represented by more than a hundred microRNAs. These provided an adequate sample size for the statistical analysis of microRNAs among species. In addition, to fully exploit the numerical features to obtain more comprehensive information on microRNAs, 132 numerical features in eight classes were selected to construct an Eigen vector, which provided a diverse background for our research.
For the analysis method, we selected the Kolmogorov-Smirnov test 34 , a method with higher sensitivity than ANOVA. It can be used to test the distribution difference between two independent samples. To minimize the impact of sampling on the analysis results, a core strategy for our research was designed on the basis of the bootstrap method 35, 36 combined with the Kolmogorov-Smirnov test.
In the present, the numerical features of microRNAs from 32 species were evaluated by the bootstrap and Kolmogorov-Smirnov tests. The results were used to define a new measure, feature recognition number, to describe the differences among species and to construct a species difference map. Furthermore, another new measure, species similarity degree, was defined to describe the genetic relationship among species and to construct a species relationship map. The results demonstrated that the relationships gained from microRNA prediction were identical with the biological relationships. Our study forms a new method for studying the evolution of microRNAs and species relationships. gene, the features were taken from Mfold predictions of the secondary structure. Detailed examples are shown in Figure 1 . This class is marked as E.
Numerical characteristics related to minimum free energy
This section included the minimum free energy (MFE) 24 , the adjusted minimum free energy (AMFE) 25 , and the minimum free energy index MFEI 26 . This class is marked as F.
Base content and base content ratio
The section included G+C content, (G+C)/(A+U) ratio, A/C ratio, and G/U ratio. This class is marked as G.
Entropy features
The information entropy 37, 38 was calculated using the formula:
Formula (1) generated four kinds of entropy information related to the frequency of single nucleotides, dual nucleotides, triple nucleotides, and the matching state frequency of the secondary structure (termed Sec_str_entr n supplementary table 1). This class is marked as H.
Basic analysis method

Kolmogorov-Smirnov test
The differences between two samples are usually analyzed by ANOVA (analysis of variance) or by the rank test. However, ANOVA is only used to test the mean of samples, and the rank test requires a similar-distribution assumption between two samples. Thus, a more sensitive and limitless distribution method, the Kolmogorov-Smirnov test 34 , was chosen to test the distribution difference between two independent samples.
Kolmogorov-Smirnov's test formula is:
In the formula (2),
is the empirical distribution function of the first sample and ) ( 2 x F is the empirical distribution function of the second sample. When the statistic was less than a certain threshold, the null hypothesis was accepted that these two samples had the same distribution; otherwise, the null hypothesis was denied and a distribution difference did exist between these two samples.
Bootstrap method
The bootstrap method is a statistical resampling method, and was introduced by Efron in 1979 35 . It is an effective non-parametric test, which is executed by repeated random sampling from original data. In this study, the data the data was subjected to Bootstrapping first followed by the Kolmogorov-Smirnov's test to obtain more reliable inferences 36 .
Research strategy
Basic research strategy is shown in Fig. 2 with an example. Ciona intestinalis and Xenopus tropicalis were selected as target species and the base content of "A" was selected as a candidate feature. The Kolmogorov-Smirnov test was carried out for each of the 1000 pairs of samples from 1000 bootstrap samplings with a threshold of p = 0.01. The distribution of p-values is shown in Fig. 3 (a). When the number was less than the threshold, there was no significant difference between the species, otherwise, the difference was accepted. In our research, the threshold was set at 0.99. In this example, all the p-values from the 1000 tests exceeded 0.01 and the level of the overall test achieved 100% ( Fig. 3(a) ); therefore, there was significant difference between Ciona intestinalis and Xenopus tropicalis on A base content and the result was denoted with 1. In Fig. 3 
(b), most of the p-values from the
Kolmogorov-Smirnov test were greater than 0.01 between Ciona intestinalis and Caenorhabditis elegans on the A base content by 1000 bootstrap samplings and 1000 tests.
The overall level of testing (proportion of significant numbers in 1000 tests) was far less than 0.99. Therefore, there was no significant difference between the two species on A base content. The result was denoted with 0.
Feature identification number of species pairs (FIN)
Feature identification number of species pairs was the number in candidate features that could be used to distinguish a certain species pair, i.e. there was a significant difference between the species pairs for a certain feature according the basic research strategy. The formula of feature identification ratio (FIR) of species pairs was defined as follows:
In the formula (3), the n denoted the total of candidate features, and the ) , ( j i n denoted the feature identification number between species i and species j .
In this study, FIN and FIR are used to measure the degree of genetic relationship between species.
Species pairs identification number of feature (SPIN)
Species pair identification number of feature refers to the number of species pairs that have been distinguished by a certain feature. Subsequently, the species pair identification ratio of feature (SPIR) was defined as follows:
In formula (4), k denotes sequence number of the feature, k U denotes the SPIN value for feature k , and N denotes total number of species pairs. SPIR could describe the ability of a feature to identify a species in a background of species pairs and was used to evaluate candidate features.
Results
Effect of numerical features on species identification
According to the research strategy ( Fig. 2) , the process should be carried out 496 ( The details are shown in supplementary Table 1 , and the basic analysis is shown in Fig. 4 .
The eight classes of features (A-H) are from left to right in Fig. 4 . For the four single nucleotides (class A), the identification ratio among the features was consistent, and the average identification ratio was 60.13%. For the sixteen dual nucleotide features (class B), the identification ratio among the features showed significant differences, and the average identification ratio was 47.99%. For the 64 triple nucleotide features (class C), the identification ratios among the features were moderately consistent, and the average identification ratio was 45.01%. For the thirty-two secondary structure pairs state features (class D), the feature identification ratio was lower than for other classes, and the average 
Identification of species pairs based on SPIN
Four hundred and ninety-six species pairs were identified with the 132 numerical features, and the results are shown in Supplemental Table 2 and Fig. 5 .
In Fig. 5, 39 species pairs were distinguished by no more than 10 features, and 10 species pairs could be distinguished by more than 120 features.
A genetic relationship map among species was constructed with the criterion that SPIN was no more than 10 between any two species (Fig.6 among some species pairs, including (7,8), (7, 9) , (7, 10) , (8, 9) , (8, 10) , and (9,10), were 2, 0, 0, 3, 4, and 0, respectively, which showed a high similarity degree among the microRNAs of primates.
There were ten species pairs, (1, 23) , (4, 24) , (4, 26) , (8, 24) , (8, 26) , (12, 24) , (12, 26) , (14, 24) , (14, 26) and (26, 32) , whose SPIN values exceeded 120. The first nine pairs are all species pairs between animals and plants. The last one, (26, 32) is a species pair between a plant and a virus. The results showed that there was a large difference between plant and animal microRNAs. However, no significant difference was found between animal and virus microRNAs. Ultimately, there should be fewer different features between species with closer genetic relationships.
In Fig. 5 , except for the species pairs in either end of the spectrum, which were obviously very similar or very different, respectively, most of the species pairs could not be used as a complete standard to explain the relationship between the two species. To describe the state of species pairs distinguished by features, a difference map among species was constructed based on 132 numerical features from 32 species.
Species difference map
A 32×32 matrix was constructed among 32 species from the species classification order. The definitive element of the matrix was the SPIN between two corresponding species. The matrix was named the species difference matrix (SDM), on the base of numerical features of microRNAs. Furthermore, based on the SDM, a hot map was drawn as a difference map of species pairs or species difference map (SDMP) (Fig. 7) . There were very few differences between the Ciona intestinalis from Urochordata and Bombyx mori, Drosophila pseudoobscura, and Caenorhabditis elegans from Lophotrochozoa;
however, there were more differences between Ciona intestinalis and the other species, which indicated that there was a closer genetic relationship between Urochordata and Lophotrochozoa than that with either of them and the other species. Similarly, there were clearly dark squares among the three animal species in Lophotrochozoa, indicating a high similarity among species in the same class, but there were fewer SPINs between the species of the Lophotrochozoa and Xenopus tropicalis, Danio rerio, or Fugu rubripes from Vertebrata, and Capitella teleta from Lophotrochozoa.
In the sixteen species from vertebrata, there was apparently a difference between Danio rerio and the other species, and the SPIN values among the other species, except Danio rerio, were very small, which showed that microRNA genes are highly conserved among vertebrata species and among animal species as a whole. Furthermore, a smaller SPIN value was obtained between Danio rerio and Fugu rubripes, than with other species, which showed that there was high conservation within those species.
For plants, the matrix was darker among the species in Magnoliophyta, but brighter between Magnoliophyta and the other classes. The extent of the color was apparently inferior to that of vertebrata. The results showed that there were bigger differences among the microRNA genes of species in Magnoliophyta, which supported the hypothesis that there is a large diversity in microRNA genes of plants. The matrix also shows the viral microRNA genes are more similar to those of animals than plants.
In summary, the SDMP constructed by SPIN could directly display the degree of difference between species pairs. The SDMP could display the basic differences and similarities between species, classes, or within classes. Thus SDMP could be used as a valid tool to display the genetic relationship of species.
Relationship of species based on similarity degree of identification (SID)
SPIN could effectively reveal the genetic relationships among species. However, SPIN or SPIR showed the reverse changes with extent of genetic relationship of species. Therefore, the Similarity degree of identification (SID) was calculated as a consistent measure of the genetic relationship of species. SID was defined as follows:
In formula (5), i and j denote the sequence number of the species. The relationship map of all candidate species was constructed (Fig. 8) .
The threshold of SID was set as 0.8. The candidate species were divided into four classes, animal, plant, virus, and Urochordata, respectively. In figure 8 , Bombyx mori, Drosophila pseudoobscura, Caenorhabditis elegans, Capitella teleta, and Schmidtea mediterranea, who have similar shape or habit, were classified into the same group by SID analysis. All primates were classified into the same group as Homo sapiens. Glycine max, Arabidopsis thaliana, and
Medicago truncatula, belonging to Magnoliopsida, were classified into the same sub-class;
and Oryza sativa, Sorghum bicolor, and Zea mays, belonging to Liliopsida, were classified into another sub-class. These results showed that SID could reflect the genetic relationships among species. Fig. 9 .
Features difference map (FDM)
The eight FDMs illustrate the relationship among species based on the similarities and differences for each feature. The FDM could be considered as supplementary to SDMP, and it was beneficial for discovering the essential differences between species.
In Fig. 9 , the classification indicated in the eight FDMs are roughly consistent with the biological classes, indicating that the Kolmogorov-Smirnov test statistic could be used as an measure of the extent of similarities and differences between species or classes. There were some differences among the eight FDMS in Fig. 9 . To describe the general differences and similarities between species, we propose that the SPIN value should be used. Of course, the SPIN can only describe the relationship between species generally, because extent of differences between the same species pairs varied for the different features. However, it is reasonable to hypothesize that the SPIN could describe the extent of the differences between species under an effective background provided by a large number of numerical features of microRNAs.
Discussion
Almost all kinds of biology functional molecular have specific nucleotide composition or special molecular structure 39, 40, 41, 42, 43, 44 . Certainly, miRNAs is the same. Plenty of research projects illustrate that miRNAs is a class ancient biology functional small molecular and is considered as important evolution tag 45, 46, 47, 48, 49, 50, 51, 52 Note: Initially, 132 features were selected, in the flowchart, feature k for species i and j is used as an example. In the second step, 1000 bootstrap resamples were performed and 1000
Kolmogorov-Smirnov tests were executed. In the last step, we calculated significant differences for feature k between the two species, and then made a decision on the species pairs using the significant difference ratio. 
